Formation of a hierarchically organized blood vessel network by sprouting angiogenesis is critical for 42 tissue growth, homeostasis and regeneration. How in this process endothelial cells arise in adequate 43 numbers and arrange suitably to shape a functional vascular network is poorly understood. Here we 44 show that YAP and TAZ promote stretch-induced proliferation and rearrangements of endothelial cells 45 whilst preventing bleeding in developing vessels. Mechanistically, YAP and TAZ increase VE-cadherin 46 turnover at junctions and suppress endothelial Notch and BMP signaling, two key pathways that limit 47 sprouting and endothelial dynamics. Consequently, the loss of YAP and TAZ leads to stunted sprouting 48 with local aggregation as well as scarcity of endothelial cells, branching irregularities and junction 49 defects. Forced nuclear activity of TAZ instead drives hypersprouting and vascular hyperplasia. We 50 propose a new model in which YAP and TAZ integrate mechanical signals with Notch and BMP 51 signaling to balance endothelial cell distribution in angiogenic vessels. 52 53 54 55 A long-standing question in developmental and cell biology relates to how cells integrate mechanical 56 and chemical signals to orchestrate the morphogenic behaviours that ensure adequate tissue 57 patterning. During sprouting angiogenesis, the arrangement and distribution of cells rather than their 58 numbers appear to drive morphogenesis of the vascular tree. Recent data showing unaltered 59 remodelling in the absence of endothelial cell apoptosis and normal branching frequency across a range 60
INTRODUCTION
To understand if YAP and TAZ were required for proliferation downstream of VEGF, we 
156
We next asked whether YAP and TAZ mediate endothelial proliferation in response to stretch -Together, these results argue against a cell proliferation defect being the only driver of the 181 Yap/Taz iEC-KO phenotype and suggest that endothelial YAP/TAZ play a role in the regulation of ECs 
206
To more accurately describe the differences in junctional morphology after YAP/TAZ 207 knockdown, we defined five junctional categories (straight junctions, thick junctions, thick to reticular 208 junctions, reticular junctions and fingers) ( Figure 5E ). Control cells showed mostly reticular junctions 209 ( Figure 5A ,F). The knockdown of YAP and TAZ led to an increase in straight junctions and fingers, 210 respectively ( Figure 5B ,C,F), whereas the combined knockdown of YAP/TAZ led to an increase in both 211 straight junctions and fingers and to a loss of reticular junctions ( Figure 5D ,F). In addition, the 212 knockdown of YAP/TAZ led to junctional breaks in the monolayer, as seen by the presence of gaps in 213 VE-Cadherin stainings ( Figure 5D , red arrowheads). Together, these observations demonstrate that 214 YAP and TAZ together are required for the formation of reticular junctions and inhibit the formation of 215 straight junctions and fingers. Interestingly, however, they individually have distinct effects on adherens 216 junction morphology.
217
To understand whether the shift in morphology translated into a functional defect we 218 investigated the permeability of the monolayer to 250kDa dextran molecules. Only the combined 219 knockdown of YAP/TAZ led to a significant increase in permeability in comparison to the control 220 situation ( Figure 5G ), suggesting that YAP/TAZ are both required for the barrier function of the 221 endothelium and can compensate for each other in this particular role.
222
The dynamic rearrangements of ECs during sprouting require that cell-cell junctions are 223 constantly assembled, rearranged and disassembled. To understand whether YAP and TAZ regulate 224 the turnover of cell junctions, we pulse-labeled VE-Cadherin molecules at cell junctions using an 225 antibody directly coupled to a fluorescent dye for 30 minutes ( Figure 5H -I) (28). The antibody was 226 subsequently washed out and cells cultured for two more hours in normal conditions, before being fixed 227 and stained for surface VE-Cadherin using a second fluorescent label. Comparing the two sequential 228 VE-cadherin labels allowed us to distinguish junctions with high, intermediate and low turnover rates 229 ( Figure 5J ). In control cells, 44% of patches were of high turnover junctions, 24% of intermediate 230 turnover junctions and 32% of low turnover junctions ( Figure 5K ). The knockdown of YAP/TAZ 231 significantly decreased the percentage of high turnover junctions to 14% (p=0.0387) and increased the 232 percentage of low turnover junctions to 58%. Interestingly, we found a correlation between the 233 morphology of junctions and VE-Cadherin turnover rates ( Figure 5L ): straight junctions and fingers 234 showed the lowest turnover rate, while reticular junctions showed the highest. To understand if the 235 different VE-Cadherin turnover observed after knockdown of YAP/TAZ was caused by a shift in 236 morphology, we compared the turnover of VE-Cadherin within the same morphological categories.
237
Knockdown of YAP/TAZ decreased the percentage of high turnover junctions within all morphological 238 categories, confirming a specific defect in VE-Cadherin turnover.
239
To test whether YAP and TAZ regulate the endocytosis of VE-Cadherin, we imaged 240 intracellular VE-Cadherin vesicles after pulse labeling the molecule at the surface and allowing it to be 241 endocytosed ( Figure 5M ,M',N,N'). However, the detectable amount of VE-cadherin vesicles after 242 YAP/TAZ knockdown was unaffected. In order to challenge the stability of the junctions we triggered cell 243 junction disruption by chelating extracellular calcium with EGTA (29) ( Figure 5O ,O',P,P'). Whereas VE-244 cadherin accumulated in intracellular vesicles in control cells, after YAP/TAZ knockdown substantial 245 amounts of VE-cadherin antibody remained at the cell junction, signifying reduced endocytosis. Thus,
246
YAP/TAZ promote VE-Cadherin turnover and facilitate its dynamic recycling.
247
As cell junctions are essential for ECs to rearrange and migrate collectively (30), and Yap/Taz 248 iEC-KO retinas presented less elongated sprouts suggestive of a migration defect, we asked whether 249 cell migration was also regulated by YAP/TAZ. 
252
To address the requirement of YAP and TAZ for endothelial cell migration we performed a scratch-253 wound assay ( Figure 6A -H). While in the control situation the wound was completely closed at 16h 254 ( Figure 6A ,B,I), after knockdown of YAP less than 50% of the wound area was closed at the same time 255 point (p=0.0067) ( Figure 6C ,D,I). A stronger effect on endothelial cell migration was observed after the 256 knockdown of TAZ and YAP/TAZ, with less than 20% of the wound area being closed at 16h (p=0.0006 257 for siTAZ vs siCTR and p=0.0013 for siYAP+siTAZ vs siCTR) ( Figure 6E ,F,G,H,I).
258
Given that cells aggregated at the sprouting front of Yap/Taz iEC-KO retinas, we wondered 259 whether in addition to defective directional cell migration they also lacked the ability to shuffle with the 260 neighbouring cells. Recent data illustrated that collectively migrating ECs in vitro move in streams and 261 swirls and display straight junctions along the lateral boundaries and fingers along the front and rear 262 (26). To investigate collective cell migration we therefore analysed the arrangement of cells in a Figure 6J ). In contrast, after knockdown of YAP/TAZ cells adopted 265 elongated shapes and arranged into streams and swirls ( Figure 6K ). To quantity this effect we used the 266 longest axis of the EC nucleus as a proxy for the orientation of each cell and developed a measure of 267 monolayer coordination based on the alignment of cells with their neighbours ( Figure 6L ,L',M,M', N). A 268 score of 1 would signify parallel alignment between all cells, and a score of 0 random alignment of the 269 population. Control cells displayed higher than random alignment with their closest neighbours, but cells 270 beyond 300µm from each other were arranged at random ( Figure 6I ). While the knockdown of YAP did 271 not affect the alignment score of cells, the knockdown of TAZ led to increased alignment. The combined 272 knockdown of YAP/TAZ led to an even higher degree of coordination, with higher alignment scores 273 across all distances between cells. These results suggest that YAP/TAZ promote the ability of cells to 274 distribute individually within monolayers.
276
Nuclear YAP and TAZ inhibit Notch and BMP signalling in endothelial cells.
277
To gain insight into the nuclear function of YAP and TAZ, we generated a Pdgfb-iCreERT2 -inducible 278 TAZ gain-of-function mouse allele, in which a mutated version of TAZ (TAZ S89A) 
358
The role of YAP in the development of the retinal vasculature has previously been studied by
359
Choi and colleagues using intra-ocular injection of siRNAs (16). However, we observed that YAP and 360 TAZ are also expressed in pericytes. Thus to address the cell autonomous role of YAP and TAZ we took 
387
Conceptually, linking stretch induced proliferation to balance cell numbers with modulation of junctional 388 turnover to facilitate cell rearrangements seems ideally suited to achieve the required balance of cell 389 distribution for functional vascular patterning.
390
Molecularly, how YAP and TAZ affect this complex cell behavior is not clear. Our results
391
identify that endothelial YAP/TAZ reduce the expression of Notch and BMP signaling in ECs.
392
Interestingly, temporal fluctuations of Notch signalling in sprouting ECs are required for their shuffling 393 behaviour in sprouting assays, and heterogeneity in the Notch-activation phase between contacting cells 394 drives vessel branching (42). Given that YAP/TAZ dynamically shuttle between cytoplasm and nucleus,
395
it is tempting to speculate that they may affect not only Notch-signalling levels, but also their dynamics.
396
However, further work and new tools will be required to address these questions. On the other hand, the 
429
For endothelial cell proliferation assessment in the retina, mouse pups were injected IP 2 hours 430 before culling with 20 uL/g of EdU solution (0.5 mg/mL; Thermo Fischer Scientific, C10340 
441
HUVECs were transfected with 25 nM siRNA using Dharmafect 1 transfection reagent following the 442 protocol from the manufacturer; transfection media was removed after 24h and experiments were 443 routinely performed on the third day after transfection.
444
To activate YAP and TAZ signalling in ECs, FLAG-YAP S127A -or 3x-FLAG-TAZ S89A -encoding 445 adenoviruses were generated in the adenoviral type 5 backbone lacking the E1/E3 genes (Vector 
469
A list of the primary antibodies used can be found in Supplementary Table 1 . 
493
For each retina quarter a curve was obtained, and the average and SEM of these curves was shown in 
498
To analyse YAP/TAZ subcellular localisation in HUVECs we adapted a previously existing cytoplasm-to-nucleus translocation assay pipeline from Cell Profiler (47). Briefly, YAP or TAZ staining 500 intensity was measured both inside the nucleus of the cell and in a 12 pixels wide ring of cytoplasm 501 grown radially from the nucleus. The nucleus localisation was determined using a DAPI mask. We 502 calculated the ratio between the nucleus and cytoplasm intensity and categorised cells as having 503 nuclear localisation, nuclear and cytoplasmic and cytoplasmic localisation when the ratio was >1.2, 504 between 1.2 -0.8 and <0.8 respectively.
505
Cell junction morphology analysis was done in confluent monolayers of HUVECs stained for 506 VE-Cadherin. 5 morphological categories were defined: straight, thick, thick to reticular, reticular and 507 fingers. We acquired 5 images of (160µm) 2 per condition per experiment, divided each image in (16 508 µm) 2 patches, and randomly grouped these patches. The classification into categories was done 509 manually and blindly for the condition.
510
To analyse cell coordination we used confluent cells labelled for DAPI. The nuclei were 511 automatically segmented using a customized Python algorithm relying on the Scikit Image Library. By
512
fitting an ellipse to each nucleus we obtained its major and minor axis, and the angle of the major axis
513
with the x-axis of the image was assigned to the nucleus as its orientation. This way each nucleus in the 514 images was assigned a position given by its midpoint and an orientation. Next we analyzed the average 515 alignment of the nuclei of two cells depending on their distance. As the nuclei don't have a directionality 516 (i.e. they are nematics as opposed to vectors), the angles between two nuclei range from 0 517 corresponding to the nuclei being parallel, to /2 corresponding to them spanning a right angle. For any 518 two cells in each image we calculated the angle and the Euclidean distance between them, and then we 519 binned the cells depending on their distance. We introduced a parameter called 'alignment' which is 1 if 520 all cells are perfectly aligned and 0 for a completely random distribution of cell orientations. International Corporation). Gene knockdown was preformed as previously described. Cells were 538 incubated in transfection media for 24h, and allowed to recover in fresh complete media for 4h.
539
Afterwards cells were incubated for 24h in serum starvation media (0,1%BSA in EBM2 pure media) to 
